Abstract A series of Schiff bases (1-17) and esters (18-24) of propionic acid was synthesized in appreciable yield and characterized by physicochemical as well as spectral means. The synthesized compounds were evaluated in vitro for their antimicrobial activity against Gram-positive bacteria Staphylococcus aureus, Bacillus subtilis, Gram negative bacterium Escherichia coli and fungal strains Candida albicans and Aspergillus niger by tube dilution method. Results of antimicrobial screening indicated that besides having good antibacterial activity, the synthesized compounds also displayed appreciable antifungal activity and compound 10 emerged as the most active antifungal agent (pMIC ca and pMIC an = 1.93). The results of QSAR studies demonstrated that antibacterial, antifungal and overall antimicrobial activities of synthesized propionic acid derivatives were governed by the topological parameters, Kier's alpha first order shape index (ja 1 ) and valence first order molecular connectivity index ( 
Introduction
Despite tremendous progress in medicinal chemistry, the threat due to infectious diseases has dramatically increased in developing countries due to non availability of desired medicines and emergence of widespread microbial resistance (Kumar et al., 2010) .
The antimicrobial potential of simple organic acids viz. sorbic acid (Narasimhan et al., 2003) , cinnamic acid (Narasimhan et al., 2004) , anacardic acid (Narasimhan et al., 2006a) , veratric acid , myristic acid (Narasimhan et al., 2006b ), caprylic acid (Chaudhary et al., 2008) , anthranilic acid (Mahiwal et al., 2012) and dodecanoic acid (Sarova et al., 2011) is well established in the literature. In light of the above we have planned to explore the antimicrobial potential of propionic acid in the present study. Literature reports reveal that propionic acid and its derivatives possess a wide spectrum of biological activities like antioxidant (Dracheva et al., 2009) , antitumour, analgesic, antimicrobial (Avetisyan et al., 2010) and antidiabetic activities (Berzosa et al., 2011) .
Quantitative structure-activity relationships (QSAR) attempt to find relationships between the molecular properties of molecules and the biological responses they elicit when applied to a biological system. QSAR models allow the biological properties of virtual structures to be predicted, and a more informed choice of target to be selected for synthesis. The use of computational approaches for the estimation of the activity of various molecules as drug candidates prior to their synthesis can save resources and accelerate drug discovery procedure (Narang et al., 2012a) .
Schiff bases are considered to be among the most important group of compounds in medicinal chemistry due to their preparative accessibility, structural variety and wide biological profile (Sigroha et al., 2012 Scheme 1 Synthetic route followed for the synthesis of propionic acid derivatives. S882 S. Kumar et al. observation in mind and in continuation of our study in the field of antimicrobial evaluation and QSAR studies (Kumar et al., 2010 Narang et al., 2012a,b) , we hereby report the synthesis, antimicrobial evaluation and QSAR studies of propionic acid derivatives.
Results and discussion

Chemistry
A series of Schiff bases (1-17) and esters (18-24) was synthesized using synthetic procedures as outlined in Scheme 1. Synthesis, antimicrobial evaluation and QSAR studies of propionic acid derivatives S883
Esters were synthesized by a reaction of propionic acid with different alcohols in the presence of sulphuric acid. Propionic acid hydrazide was synthesized by the reaction of ethyl propionate with hydrazine hydrate which on reaction with corresponding aldehydes yielded Schiff bases of propionic acid. All the compounds were obtained in appreciable yield and their physicochemical characteristics are presented in Table 1 . The formation of target compounds was ascertained on the basis of results of elemental analysis in addition to their consistent IR and NMR spectral characteristics. IR spectra of compounds 1, 10, 17 and 21 are given in Figs. 1-4.
Antimicrobial activity
The synthesized compounds (1-24) were screened in vitro for their antimicrobial potential against Gram-positive bacteria Staphylococcus aureus, Bacillus subtilis, Gram negative bacterium Escherichia coli and fungal strains Candida albicans and Aspergillus niger by tube dilution method (Cappucino and Sherman, 1999) as media for the growth of bacterial and fungal strains, respectively. The results of antimicrobial activity are presented in Table 2 .
Results of antibacterial study indicated that compound 15 was the most active antibacterial agent against S. aureus and E. coli having pMIC sa and pMIC ec values of 1.61. Against B. subtilis compound 19 emerged as potential antibacterial candidate (pMIC bs = 1.72). Besides having good antibacterial activity, the synthesized compounds also displayed appreciable antifungal activity and compound 10 emerged as the most active antifungal agent against C. albicans and A. niger (pMIC ca and pMIC an = 1.93) which may be taken as a lead compound for the development of novel antifungal agents.
Structure activity relationship
1. Results of antimicrobial screening indicated that esters of propionic acid were poor antimicrobial agents than Schiff bases except compound 19 (synthesized using benzyl alcohol) which was found to be the most active against B. subtilis. 2. Presence of electron withdrawing group (p-Br, compound 15) improved the antibacterial activity of the synthesized compounds against S. aureus and E. coli, whereas the presence of electron releasing trimethoxy group (3,4,5-trimethoxy, compound 10) improved the antifungal activity of the synthesized compounds against C. albicans and A. niger.
3. Schiff base synthesized using cinnamaldehyde (17) was found to be a less active antimicrobial agent, which indicates that benzylidene portion is necessary for the antimicrobial activity of the synthesized compounds as its replacement by phenylallylidine moiety (compound 17) decreases the antimicrobial activity. 4. From these results we may conclude that different structural requirements are required for a compound to be effective against different targets. This is similar to the results of Sortino et al. (Sortino et al., 2007) . 5. The abovementioned findings are summarized in Fig. 5 .
QSAR studies 2.4.1. Development of multi-target QSAR models (mt-QSAR)
In the present study, we have performed the quantitative structure-activity relationship study by conventional Hansch's analysis using the linear free energy relationship model (LFER) described by Hansch and Fujita (Hansch and Figure 5 Structural requirements for the antimicrobial activity of synthesized propionic acid derivatives. Kumar et al. 1964) . In this approach, structural features of drug molecules are quantified in terms of different parameters and these structural features are correlated with quantified biological activity through equation using regression analysis. Biological activity data determined as MIC values were first transformed into pMIC values (i.e. -log MIC) and used as dependent variables in QSAR study. The different molecular descriptors selected for the present study are listed in Table 3 . Molecular descriptors (independent variables) like log of octanol-water partition coefficient (log P), molar refractivity (MR), Kier's molecular connectivity (
) and shape (j 1 , ja 1 , ja 2 , ja 3 ) topological indices, Randic topological index (R), Balaban topological index (J), Wiener topological index (W), Total energy (Te), energies of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), dipole moment (l) and electronic energy (Ele.E) (Hansch et al., 1973; Kier and Hall, 1976; Randic 1975 Randic , 1993 Balaban 1982; Wiener 1947) were calculated for propionic acid derivatives and the values of selected descriptors are presented in Table 4 .
From the results of our previous QSAR studies (Narang et al., 2012a; Kumar et al., 2010; Kumar et al., 2009) , we observed that multi-target QSAR (mt-QSAR) models gave better results than one-target QSAR (ot-QSAR) models in describing the antimicrobial activity. So, in light of our past experiences, we decided to develop multi-target QSAR models directly to describe the antimicrobial activity of synthesized propionic acid derivatives in the present study.
According to ot-QSAR models one should use five different equations to predict the activity of a new compound against five microbial species. The ot-QSAR models, which are found in most of the literature, become impractical to use when we have to predict each compound's results for more than one target. In these cases we have to develop one ot-QSAR model for each target. In opposition to ot-QSAR, the mt-QSAR model is a single equation that considers the nature of molecular descriptors which are common and essential for describing antibacterial and antifungal activities Gonzalez-Diaz and Prado-Prado, 2008; Cruz-Monteagudo et al., 2007; Gonzalez-Diaz et al., 2007) . In order to develop mt-QSAR models, initially we have calculated the average antibacterial, antifungal and antimicrobial activity values of propionic acid derivatives which are presented in Table 2 . The standard drugs norfloxacin and fluconazole were not included in the model generation because of dissimilarity in structure with synthesized compounds.
In the present study, a data set of 24 compounds was subjected to single/multiple linear free energy regression analysis for model generation. Compounds 9, 15, 19 and 21 were designated as outliers and were not included in the data set for QSAR model generation. In multivariate statistics, it is common to define three types of outliers (Furusjo et al., 2006 ).
1. X/Y relation outliers are substances for which the relationship between the descriptors (X variables) and the dependent variables (Y variables) is not the same as in the (rest of the) training data. 2. X outliers are substances whose molecular descriptors do not lie in the same range as in the (rest of the) training data. 3. Y outliers are only defined for training or test samples.
They are substances for which the reference value of response is invalid.
There was no difference in the activity (Table 2) as well as the molecular descriptor range (Table 3 ) of these outliers (9, 15, 19 and 21) when compared to other propionic acid derivatives indicating the fact that these outliers belong to the category of Y outliers (Substances for which the reference value of response is invalid).
Preliminary analysis was carried out in terms of correlation analysis. A correlation matrix constructed for antifungal Table 5 . In general, high collinearity (r > 0.5) was observed between different parameters. The high interrelationship was observed between W and ja 1 (r = 0.971) and low interrelationship was observed between ja 1 and log P (r = À0.003). The correlation of antibacterial, antifungal and antimicrobial activities with calculated molecular descriptors is given in Table 6 . The structural effects on variations in the antifungal activity of the propionic acid derivatives in terms of pMIC af were examined by regression analysis with molecular parameters as shown in Table 4 . For 20 propionic acid derivatives, Eq.
(1) was derived as that of the best quality using the topological parameter, Kier's alpha first order shape index (ja 1 ).
LR mt-QSAR model for antifungal activity Here and thereafter, n -number of data points, r -correlation coefficient, q 2 -cross validated r 2 obtained by leave one out method, s -standard error of the estimate and F -Fischer statistics.
The coefficient of ja 1 in Eq. (1) is positive which signifies that the antifungal activity of synthesized compounds will increase with an increase in the value of ja 1 . This is evidenced by the antifungal activity data of propionic acid derivatives (Table 2) and their ja 1 values (Table 4) . Compound 10 having the highest ja 1 value (15.86, Table 4) has the maximum antifungal activity with a pMIC af value of 1.93 (Table 2 ) and compound 21 having a low ja 1 value (9.63, Table 4) has the minimum antifungal activity with a pMIC af value 1.06 (Table 2) .
In order to account for the variation in size contribution to shape from different atoms the radius of atom X relative to the covalent radius of a carbon sp 3 hybrid atom is considered. The specific correction in computing Synthesis, antimicrobial evaluation and QSAR studies of propionic acid derivatives S889 count of atoms, n, with a modifier, a, calculated as: a X = (r X / r csp3 ) 1 . where a represents a decrement or increment of n for a noncarbon sp 3 element X. The modified kappa shape indices are given by (Kier and Hall, 1999) :
The developed QSAR model (Eq. (1)) was cross validated by its high q 2 value (q 2 = 0.686) obtained by leave one out (LOO) method. The value of q 2 more than 0.5 indicated that the developed model is a valid one (Golbraikh and Tropsha, 2002) . Further the observed and predicted values are close to each other (Table 7) , the mt-QSAR model for antifungal activity (Eq. (1)) is a valid one. The plot of predicted pMIC af against observed pMIC af (Fig. 6 ) also favours the developed model expressed by Eq. (1). Further, the plot of observed pMIC af vs residual pMIC af (Fig. 7) indicated that there was no systemic error in model development as the propagation of error was observed on both sides of zero (Kumar et al., 2007) .
The antibacterial activity of propionic acid derivatives is best described by the topological parameter, valence first order molecular connectivity index ( Table 6 , Eq. (2)). Hence, the QSAR model for antibacterial activity was developed using (Tables 2 and 4) . A less significant (poor) correlation was observed between calculated molecular descriptors and antibacterial activity of the synthesized propionic acid derivatives as evidenced by low q 2 value (0.0174, Eq. (2)). In the case of antimicrobial activity also valence first order molecular connectivity index ( Table 5 ) emerged as the most determinant parameter (Eq. (3)).
LR mt-QSAR model for antimicrobial activity
Antimicrobial activity of synthesized propionic acid derivatives is also positively correlated with valence first order molecular connectivity index ( (Tables 2 and 4 ). The molecular connectivity index, an adjacency based topological index proposed by Randic is denoted by v and is defined as the sum over all the edges (ij) as per the following
where V i and V j are the degrees of adjacent vertices i and j and n is the number of vertices in a hydrogen suppressed molecular structure (Lather and Madan, 2005) . The topological index, v signifies the degree of branching, connectivity of atoms and unsaturation in the molecule which accounts for variation in activity (Gupta et al., 2003) . The validity and predictability of the QSAR model (Eq. (3)) is evidenced by its high q 2 the low residual antimicrobial activity values (Table 7 ). The plot of predicted pMIC am against observed pMIC am (Fig. 8) also favours the developed model expressed by Eq. (3) . Further, the plot of observed pMIC am vs residual pMIC am (Fig. 9) indicated that there was no systemic error in model development as the propagation of error was observed on both sides of zero (Kumar et al., 2007) . The high residual activity value in the case of compounds 9, 15, 19 and 21 justifies their removal as outliers.
It was observed from mt-QSAR models [Eqs. (1)- (3)] that the antibacterial, antifungal and overall antimicrobial activities of synthesized propionic acid derivatives were governed by the topological parameters, Kier's alpha first order shape index (ja 1 ) and valence first order molecular connectivity index (
Generally for QSAR studies, the biological activities of compounds should span 2-3 orders of magnitude. But in the present study the range of antimicrobial activities of the synthesized compounds is within one order of magnitude. This is similar to the results obtained by Bajaj et al. (Bajaj et al., 2005) who stated that the reliability of the QSAR model lies in its predictive ability even though the activity data are in the narrow range. The low residual values observed in Table 7 justify the QSAR studies with the synthesized propionic acid derivatives. When biological activity data lie in the narrow range, the presence of a minimum standard deviation of the biological activity justifies its use in QSAR studies . The minimum standard deviation (Table 2 ) observed in the antimicrobial activity data justifies its use in QSAR studies.
Experimental
Starting materials were obtained from Himedia Chemicals and were used without further purification. Melting points were determined in open glass capillaries on a sonar melting point apparatus and are uncorrected. Reaction progress was monitored by thin layer chromatography on silica gel sheets (Merck silica gel -G).
1 H nuclear magnetic resonance ( 1 H NMR) spectra were recorded on Bruker Avance II 400 NMR spectrometer (400 MHz) at 298 K, in appropriate deuterated solvents. Chemical shifts were reported as d (ppm) relative to tetramethylsilane (TMS) as internal standard. Infrared (IR) spectra were recorded as KBr pellet on Perkin Elmer FTIR spectrometer. The wave number is given in cm
À1
. Elemental analysis was performed on a Perkin-Elmer 2400 C, H, N analyser.
General procedure for the synthesis of esters of propionic acid
A mixture of propionic acid (0.08 mol) and different alcohols (0.74 mol) was refluxed in the presence of sulphuric acid till the completion of reaction. Once the reaction had been completed, the reaction mixture was added to 200 ml ice cold water S890 S. Kumar et al. and the ester formed was extracted with ether (50 ml). The ether layer was separated which on evaporation yielded the ester derivatives of propionic acid. 
Antimicrobial assay
The antimicrobial activity that was performed against Grampositive bacteria: S. aureus, B. subtilis, the Gram-negative bacterium E. coli and fungal strains: C. albicans and A. niger using the tube dilution method (Cappucino and Sherman, 1999) . Dilutions of test and standard compounds were prepared in double strength nutrient broth -I.P. (bacteria) or Sabouraud dextrose broth -I.P. (fungi) (Pharmacopoeia of India, 2007) . The samples were incubated at 37°C for 24 h (bacteria), at 25°C for 7 d (A. niger) and at 37°C for 48 h (C. albicans) and the results were recorded in terms of minimum inhibitory concentration (MIC).
QSAR studies
The structures of propionic acid derivatives were first pre-optimized with the Molecular Mechanics Force Field (MM + ) procedure included in Hyperchem 6.03 (Hyperchem 6.0, 1993) and the resulting geometries were further refined by means of the semiempirical method PM3 (Parametric Method-3). We had chosen a gradient norm limit of 0.01 kcal/A°for the geometry optimization. The lowest energy structure was used for each molecule to calculate physicochemical properties using TSAR 3.3 software for Windows (TSAR 3D Version 3.3, 2000) . Further, the regression analysis was performed using the SPSS software package (SPSS for Windows, 1999).
Conclusion
A series of Schiff bases (1-17) and esters (18-24) of propionic acid was synthesized and evaluated in vitro for their antimicrobial activity against Gram-positive bacteria S. aureus, B. subtilis, Gram negative bacterium E. coli and fungal strains C. albicans and A. niger by tube dilution method. Results of antimicrobial screening indicated that in general, esters of propionic acid were poor antimicrobial agents than Schiff bases.
Schiff bases having electron withdrawing substituents on benzylidene moiety were found to be better antibacterial agents and those having electron donating substituents on benzylidene moiety were found to be better antifungal agents among which compound 10 emerged as the most potent antifungal agent and may be taken as a lead compound for the development of novel antifungal agents. QSAR studies were carried out in order to find out the relationship between antimicrobial activity of synthesized compounds and their structures (molecular descriptors) which demonstrated the importance of topological parameters, Kier's alpha first order shape index (ja 1 ) and valence first order molecular connectivity index ( 1 v v ) in determining the antimicrobial activity of synthesized propionic acid derivatives.
